ABSTRACT
been left unsolved. CFRP's fatigue reliability is one of the most important problems, because composite structure is still difficult to be produced so homogeneously as metallic structure. A few data with respect to the amount of scatter and distributional form of CFRP's fatigue life have been published [1] [2] [3] [4] [5] [6] [7] ; however, total information available is quite insufficient. These data are of small sample size or limited to a narrow range of stress. The scatter of CFRP's fatigue life is generally much larger than that of aluminum alloy's fatigue life and its distributional form does not necessarily fit the log-normal or twoparameter Weibull distribution. In order to use CFRP in production primary structure of civil aircraft, much more information concerning fatigue life distribution should be accumulated.
In the present investigation, sharply notched specimens of a carbon eightharness-satin/epoxy laminate, of which fatigue behavior is expected to be different from that of unidirectional fiber laminate specimens, were fatigue tested under plane bending. Their fatigue life distributions were obtained in a wide range of stress. This paper discusses five items: (1) fatigue damage accumulation and stiffness reduction, (2) fatigue life distributions, (3) the median S-N relation, (4) fatigue strength distributions and P-S-N curves, and (5) statistical comparison of fatigue life data obtained by five different panels cured separately. Some of these results are compared with those of 2024-T4 aluminum alloy [8] , which is one of aircraft structural metals to be replaced by CFRP.
SPECIMEN AND METHOD OF TESTING
A carbon eight-harness-satin/epoxy laminate was made of three layers of Mitsubishi Rayon S 410 prepreg sheets arranged in the same warp direction. Five laminate panels were manufactured at Mitsubishi Rayon, Ltd. on a hot press one by one under an identical cure cycle and trimmed to the size of 300 mm x 300 mm. Composite specifications and mechanical properties are listed in Table 1 , and the cure cycle is in Table 2 . formed as a delta from the notch tip with the top of the delta to the side of the specimen. This behavior was observed on both sides at the notch tips. This damage accumulation reduced the stiffness and increased the strain amplitude in the net section. When this strain reached the strain limit of the specimen, fibers fractured suddenly and the specimen fractured at the same time. In the tests, the propagation of delamination could not be confirmed and the gradual propagation of fiber fractures was not found. Fatigue failure based on the amplitude of the reciprocating platen of the fatigue machine reaching its limit due to the stiffness reduction of the specimen was not observed either. This kind of fatigue failure frequently occurred in a unidirectional fiber laminate [7] . Therefore, fatigue life is defined by a specimen fracture in this paper.
Let the stiffness of a rectangular specimen without a notch, namely, the flexural rigidity, be EI. The residual stiffness ratio EII(EI),, can be represented [7] as where a is the amplitude of the reciprocating platen and sub-zero means &dquo;at the start of testing.&dquo; The residual stiffness ratio of Equation (2) can be used as the measure of the fatigue damage accumulation in a notched specimen. Figure 2 illustrates the residual stiffness ratio EII(EI),, versus the cycle ratio nlN ob- tained at six stress levels, where n is the number of stress cycles and N the number of cycles to failure. The stiffness of specimen decreases a few percent rapidly within 5% of the specimen life, followed by a slow, linear reduction by about 20% until approximately 90% of the specimen life, and then a quick reduction to fracture. The residual stiffness ratio of 70% is judged to be just before the specimen fracture. Figure 2 shows that the relationship between the residual stiffness ratio and the cycle ratio is independent of stress level. This property is favorable in using a specific stiffness reduction ratio as a design Figure 3 on log-normal and Weibull probability paper. The plotting positions in Figure 3 are the median ranks. It is necessary to use the same plotting positions in comparing the goodness-of-fit of the two distribution models. Table 3 . The amount of fatigue life scatter is considered to be constant at the three high stress levels. The scatter at the three low stress levels is larger than that at the three high stress levels, and becomes larger as the stress level is lowered. The fatigue life scatter obtained in this paper is very small in comparison with that reported in Refs. [1] [2] [3] [4] [5] [6] [7] .
Median S-N Curve
The median lives in Table 3 are plotted in Figure 4 on semi-logarithmic graph paper. The median S-N curve in Figure 4 is drawn by an eyeball fit.
The authors [8] have pointed out the empirical rule between the median S-N curve on semi-logarithmic graph paper and the distribution of fatigue life in an aluminum alloy as follows. The distributional form of fatigue life is closely related to the shape of the median S-N curve; namely, the distributional form of fatigue life is log-normal where the median S-N curve is practically linear, and its skew is pronounced where the slope of the median S-N curve changes rapidly. The amount of fatigue life scatter has a close relationship with the slope of the median S-N curve; i.e., the amount of fatigue life scatter is constant while the An analytical expression of the median S-N relation is necessary to discuss P-S-N curves in the next section. Figure 4 suggests that two straight lines in the high and low stresses can approximate well the median S-N data. The equations of the two straight lines are provided in Table 4 .
Fatigue Strength Distributions and P-S-N Curves
The scatter of fatigue life in CFRP is very large, but that of fatigue strength is not so large in general. This means that in designing a CFRP structure for fatigue or planning, its certification test fatigue strength can be more easily used than fatigue life. Therefore, fatigue strength distributions are derived from the fatigue life data, and P-S-N curves are determined.
As described before, at the three high stress levels the distributional form of fatigue life fit well with the log-normal distribution and the standard deviation of log-life is considered to be constant. Moreover, the median S-N relation in this stress range can be represented by a straight line on semi-logarithmic graph paper. It is clear from the P-S-N relation in this case that the distributional form of fatigue strength is normal, and the standard deviation of fatigue strength a, Figure 5 . Figure 5 also illustrates the median fatigue life data in Table 3 and the median S-N line drawn by the equation provided in Table 4 . Figure 5 indicates that the means of fatigue strength agree well with the The P-S-N curves can be easily derived from the median S-N equation provided in Table 4 and the distribution model of fatigue strength, which is normal and has standard deviation a, of 10 MPa regardless of fatigue life. Let the median S-N equation be S = f(N). Then the P-S-N relation corresponding to the probability of failure P is represented as where up is the standard normal variable corresponding to P. Figure 6 illustrates the P-S-N curves derived and the fatigue life data. These P-S-N curves express the fatigue life data well and are considered to be sufficient for practical use. In order to give the same nominal stress amplitude to every specimen in a series of tests at each stress level, the load was changed according to the specimen thickness. However, the difference in laminate thickness is considered to be a result of the difference in matrix volume. Hence, the measured data of laminate thickness in the five panels were compared. Though the thickness was Figure 7 . Mean S-N relations of five different panels on log-life basis. measured at the net section, both sides of the notch, and the average value was used as the specimen thickness, the comparison was performed using every measured thickness. Bartlett's X2 test proved that the homogeneity of the five variances was accepted, but analysis-of-variance for single-factor experiment showed that there was significant difference between the thickness of the five panels. Then, the correlation between specimen thickness and log-life was investigated with respect to each of the five panels and all of them. This correlation was rejected in every case at the three stress levels. Therefore, it is judged that there is no direct relationship between specimen thickness and log-life. (1) According to visual observation on fatigue damage accumulation, the debonding of a warp and a weft in the surface fabric was pronounced, and the propagation of delamination was not confirmed. Fiber fractures were not found in the damage accumulation process and occurred at the final specimen fracture.
(2) The stiffness of a specimen decreased a few percent rapidly within 5% of the specimen life, and showed a slow, linear reduction by about 20% until approximately 90% of the specimen life, then quickly reduced to fracture. The relationship between the residual stiffness ratio and the cycle ratio was practically independent of stress level.
(3) The log-normal distribution was generally better than the two-parameter Weibull distribution for the distribution model of fatigue life.
(4) In the stress level range from S = 284 to 353 MPa, the fatigue life scatter was invariant and the standard deviation of log-life was roughly 0.15. The amount of fatigue life scatter obtained in the present paper was generally very small in comparison with the data of CFRP reported in Refs. [1] [2] [3] [4] [5] [6] [7] .
(5) The empirical rule between fatigue life distributions and the median S-N curve on semi-logarithmic graph paper pointed out for a metal fits the test results fairly well.
(6) Fatigue strength distributions in the short life region corresponding to the three high stress levels were normal with standard deviation of abut 9.3 MPa and independent of fatigue life. In the long life region corresponding to the three low stress levels, the standard deviation of fatigue strength estimated by the Probit method was about 10 MPa regardless of fatigue life.
(7) The P-S-N curves were drawn using the fatigue strength distribution model, which is a normal distribution with standard deviation 10 MPa regardless of fatigue life, and the median S-N relation approximated by two straight lines on semi-logarithmic graph paper. They fit the fatigue life data well and were considered to be sufficient for practical use.
(8) The median fatigue strength was 2 to 4 times that of 2024-T4 aluminum alloy for the life range from 105 to 10~. The standard deviation of fatigue strength was about 3 times that of 2024-T4 aluminum alloy.
(9) Analysis-of-variance for single-factor experiment indicated that there was significant difference between the five panels cured separately for fatigue life. The difference in specimen thickness, however, did not have any significant effect on fatigue life.
